We propose and experimentally demonstrate a reconfigurable finite impulse response microwave photonic filter (FIR-MPF) based on long period gratings (LPGs) inscribed in multicore fibers. By exploiting two dimensions of optical wavelength and space, intentional inter-core signal switching is realized. For the diversity of optical wavelength, we tune the operation wavelength to change the inter-core power coupling according to the wavelengthdependent characteristic of LPGs. On the other hand, for the diversity of space, we use directional bending of LPGs to achieve switchable spatial channel allocation. Both configurations can implement three different two-tap FIR-MPFs individually. We show a promising solution for reconfigurable radio frequency signal processing in potential with low cost and high efficiency.
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Introduction
Microwave photonics (MWP) merges the domains of radio frequency (RF) and optical signals, in which RF signal processing can be implemented in optical domain. For MWP signal processing, microwave photonic filters (MPFs) are essential components with advantages of low loss, immunity to electromagnetic interference (EMI), large bandwidth, light weight, compactness, etc [1] . One common approach to implement an incoherent MPF is using true time delay lines (TTDLs). Nowadays MWP is faced with challenges about how to reduce the whole system's size, weight, and power consumption [2] . Therefore, it is promising to introduce space-division multiplexing (SDM) techniques into MWP field, which can provide compact TTDLs [3] - [5] . Recently, multicore fibers (MCFs) have been used for MWP signal processing [6] , [7] , which are based on inscription of Bragg gratings and tapering respectively. The former work introduces Bragg gratings in MCFs to implement TTDLs in dimensions of wavelength and space and the latter one uses tapered MCFs to implement IIR-MPFs. The inherent parallelism of MCFs brings about advantages in terms of compactness, large bandwidth, power efficiency, etc. On the other hand, as classical optical fiber devices, long period gratings (LPGs) play important roles in optical communications and sensing [8] . In our previous work [9] , we have demonstrated inter-core signal switching with low loss by bending LPGs inscribed in MCFs. However, this kind of signal switching only has two statuses (on/off) between cores.
In this paper, we propose two new configurations to implement a reconfigurable finite impulse response (FIR) MPF based on MCF-LPG. For the diversity of optical wavelength, the operation wavelength is tuned to change the inter-core power coupling according to the wavelength-dependent characteristic of MCF-LPG. On the other hand, for the diversity of space, we realize inter-core signal switching among three cores by directional bending of MCF-LPG. Therefore, in both configurations, three different two-tap FIR-MPFs can be established by combining two cores from three individually. The reconfigurability of MPF is realized by inter-core signal switching not by changing the time delays between signals. It is important to achieve inter-core coupling and switching of transmitted signals to realize versatile topologic structures and service provisioning in the spatial domain, which enables flexible MWP signal processing in SDM networks based on MCF-LPG. We reckon that spatial channel allocation realized by MCF-LPG can provide additional possibilities in signal processing as it enhances the flexibility of signal transmission.
Operation Principle

FIR-MPF
The schematic of a typical FIR-MPF is shown in Fig. 1 . The electro-optic modulator (EOM) loads the RF signals on the optical carrier before it is injected into a 1 × N coupler. There is a time delay difference T between two adjacent taps of the filter. In an incoherent regime, the RF output signal y(t) can be written as [10] 
where x(t) is the RF input signal, and a k is the coefficient of the k-th tap. Therefore, the transfer function of the filter can be obtained as
where f is the frequency of RF signals and T determines the free spectral range (FSR) of the MPF.
Inter-Core Signal Switching Based on MCF-LPG
The MCF for the grating inscription is a seven-core fiber with a cladding diameter of 150 μm and a core pitch of 42 μm. The refractive index profile is G.652 standard. The LPGs are fabricated by the electric arc discharge (EAD) method with periodic refractive index modulation, which can remarkably improve the reproducibility and physical robustness of LPGs [11] . By periodically discharging the seven-core fiber with grating pitch of 515 μm, the LPGs are inscribed into each core simultaneously. The total length of the LPGs is 25.75 mm and the measured transmission spectra of LPGs in seven cores are shown in Fig. 2 . Power coupling happens between the core guided mode and cladding mode when the wavelength of injected light is in the resonant band of LPGs. Considering LPGs in the MCF, the gratings in different cores can couple their individual core guided mode with the shared cladding mode. Therefore, power in one core can transfer to another core by means of the cladding mode [12] .
The main resonant dips of different gratings locate with different bandwidths, wavelengths and depths. The differences are mainly attributed to two reasons. One reason is that the residual stress in cores derived from stack-and-draw processing are dissimilar. Another reason is that the MCF under arc discharges suffers from asymmetric perturbation during EADs process. Therefore, refractive index differences exist in different cores. We use the computer-controlled platform with the commercialized fiber fusion splicer to achieve the high-precision LPG fabrication [11] . Due to this characteristic of MCF-LPG, different operation wavelengths in different cores will result in different inter-core power coupling. Therefore, we can choose input cores with appropriate operation wavelengths to realize inter-core signal switching among the same output cores by tuning the operation wavelength.
Furthermore, as shown in Fig. 3 , when the MCF is bending, outer cores suffer from tangential stress in different directions and curvature radii thus the resonant wavelengths in outer cores shift with different values [13] . Meanwhile, the curvature will change the resonant intensity of LPGs as well as the inter-core power coupling. Therefore, the directional bending of MCF-LPG would have a great influence on inter-core power coupling and make it possible to realize specific inter-core signal transfer. To evaluate the power switching efficiency between cores, we choose core 1 as the input core to measure the inter-core transmission spectra as shown in Fig. 4 . The spectra are detected in the output of core 2, 3, and 5, which are used in the following experiment. The curves indicate that coupling power values between core 1 and other cores are similar at about 1541 nm, which is the resonant wavelength of core 1. 
Experimental Results and Discussions
Optical Wavelength Diversity
The experimental setups for the proposed FIR-MPF based on MCF-LPG is shown in Fig. 5 . For the diversity of optical wavelength, as shown in Fig. 5(a) , we firstly use a tunable laser source (TLS) whose operation wavelength can be tuned in C-band. Then the source is connected with a Mach-Zehnder modulator (MZM), where the light is externally modulated. The variable optical attenuator (VOA) following the erbium-doped fiber amplifier (EDFA) is used to control the input power. Then the light is injected into an arrayed waveguide grating (AWG), which is compatible with current wavelength division multiplexing (WDM) systems. We connect CH22 (1559.95 nm), CH37 (1547.72 nm), and CH52 (1535.82 nm) of the AWG output channels with core 1, 4, and 3 of the fan-in device respectively. Core 3, 4, and 5 of the fan-out device are used as the output cores. Optical signals from the three output cores are combined by two optical couplers (OCs). Each tap has a different time delay due to the differences between optical paths. At last, the combined signals are sent to the photodetector (PD) directly. The amplitude-frequency response of the filter is then analyzed by a vector network analyzer (VNA).
According to (2) , for N = 2, we can obtain the transfer function of the proposed two-tap MPF as where a 0 and a 1 represent the coefficients of the two taps respectively. After the MCF-LPG is fabricated, the transmission characteristics in all the seven cores are determined. Due to the intercore power coupling of MCF-LPG, signals in each input core will transfer to all the seven output cores with different power values. For one input core, there will be seven spatial channels for us to choose. To make the RF response with high rejection ratio, we need to keep the power values of the two taps similar and ensure high power coupling efficiency as well. For the diversity of optical wavelength, we first measured the transmission spectra of MCF-LPG with all the seven input cores respectively. Then we compared all the transmission spectra to determine the operation wavelengths, input and output cores. The first selection criterion was that power values of two output cores were similar and much higher than that of the third one. Second, when operating at 3 different input cores, the output core with the lowest coupling power must be different. Based on these criteria, we selected core 3, 4, and 5 of the fan-out device as output cores and core 1, 4, and 3 of the fan-in device as input cores with wavelengths of 1559.95 nm (CH22), 1547.72 nm (CH37), and 1535.82 nm (CH52) respectively. Fig. 6 shows three different amplitude-frequency curves of the proposed FIR-MPF, which is realized by tuning the operation wavelength. Each response of the filter is corresponding to a certain operation wavelength and input core. By analyzing the periodic characteristics of the three curves, we have found that they are all changing with different single periods, which means the MPF is a two-tap filter. In other words, only signals from two cores are received and there is a time delay between the two signals. The FSRs of the three curves are 193.55 MHz, 166.67 MHz, and 1200.00 MHz, corresponding to the time delays of 5.167 ns, 6.000 ns, and 0.833 ns respectively. The second time delay is exactly equal to the sum of the first and third one, which illustrates that only signals from two cores of the output are combined to be received. Thus, we have demonstrated the signals can be switched among three cores to show the reconfigurability of the proposed FIR-MPF for the diversity of optical wavelength. 
Space Diversity
For the diversity of space, as shown in Fig. 5(b) , an amplified spontaneous emission (ASE) source is connected with an AWG. We select the AWG output channel CH45 with the center wavelength of 1541.35 nm to match with the resonant wavelength of core 1, in which we could achieve the highest power coupling efficiency. The light is injected into core 1 of the fan-in device due to the lowest insertion loss. Core 2, 3, and 5 of the fan-out device are used as the output cores. The directional bending of MCF-LPG is implemented using the setup shown in Fig. 7 . The LPG is protected by a soft capillary and fixed onto a metal plate which is placed in the middle of two translation stages to generate curvature. Both ends of the fiber are clamped by two fiber rotators. The movement of the translation stage reduces the distance between both ends to bend the metal plate.
The curvature C can be calculated by
where L is the length of the metal plate and L corresponds to the movement distance of the translation stage. In our setup, L is 9.45 cm and L can be set from 0 to 13 mm by step size of 0.01 mm. In addition, three different amplitude-frequency curves of the proposed FIR-MPF are shown in Fig. 8 , which is realized by directional bending of MCF-LPG. Each response is corresponding to a certain condition of curvature magnitude and direction. We also analyzed the periodic characteristics of the three curves as mentioned above. The FSRs of the three curves are 857.14 MHz, 193.55 MHz, and 157.89 MHz, corresponding to the time delays of 1.167 ns, 5.167 ns, and 6.334 ns respectively. The third time delay is exactly equal to the sum of the first and second one. Thus, we have also demonstrated the reconfigurability of the proposed FIR-MPF for the diversity of space. In common cases such as no bending of MCF-LPG, three taps are all received, which shows a response with low rejection ratio as shown in Fig. 9 . The inter-core power coupling changes with the directional bending of MCF-LPG. With some certain curvature magnitudes and directions, the inter-core signal switching will be realized with high efficiency.
Actually, as we can see from the amplitude-frequency curves of the proposed FIR-MPF in both configurations, the amplitudes of these curves are not very high, which can be attributed to the following aspects:
First, inter-core power coupling exists in each output core when the light is injected in one input core. In other words, as we choose three specific output cores, we will lose the power in other output cores. Besides, part of the signals are lost in the cladding mode during the power coupling process as well. One solution is to control the resonances of LPGs in different cores, which needs more research on the improvement of the EAD method or other methods for grating inscription.
Second, a variety of losses such as the insertion losses of AWG, fan-in/out devices, OCs and other devices, the attenuation in the electrical-to-optical conversion and the optical-to-electrical conversion, lead to a large reduction in the power of every tap. The performance of the proposed FIR-MPF will improve a lot as the insertion losses are reduced. The proposed two-tap MPF is the first step to show that reconfigurable MWP signal processing based on MCF-LPG is possible. We expect that in the future the configurations of FIR-MPF can extend to more cores of MCFs to build reconfigurable multi-tap filters. In our future work, we would like to introduce cascaded MCF-LPGs to enhance the wavelength-dependent characteristics for stronger inter-core coupling. In addition, by using two dimensions of optical wavelength and space simultaneously, we may implement reconfigurable multi-tap MPFs. For example, with a seven-core fiber, a reconfigurable six-tap MPF can be implemented as we can allocate the arbitrary six output cores for signals if the coupled power values in the six cores are similar meanwhile the power in the remaining output core is negligible.
On the other hand, to make the full use of spatial channels in MCFs, we also would like to introduce reliable tuning mechanisms to make signal transfer in more cores with high efficiency and stability. For example, when it comes to the practical use, we can replace the setup of directional bending with micro-electro-mechanical system (MEMS) to generate the same curvature magnitudes and directions, which can provide fast tuning and stabilization against mechanical and thermal effects.
The advantages of using MCFs in the proposed two-tap MPF are as follows. First, MCFs have the advantages of optical fibers such as low loss and large bandwidth for MWP signal processing as it is operated in optical domain. Second, compared to a set of parallel single-core single-mode fibers, MCFs have the advantage of compactness and spatial channel allocation can be realized by MCF-LPG. Third, a broadband optical source or a tunable laser is used in the proposed scheme instead of an array of low-linewidth lasers to show that it is a power efficient solution. Last, the physical robustness of LPGs in MCFs has been improved by EAD method with refractive index modulation. After we bend the MCF-LPG to change the status of MPF and return it to the original condition, the LPGs will not be affected by the previous directional bending. Therefore, we believe that reconfigurable RF signal processing in MWP systems and networks will benefit from using MCFs.
Conclusion
In summary, a reconfigurable two-tap FIR-MPF based on MCFs has been implemented by tuning the operation wavelength and directional bending of MCF-LPG. We have experimentally demonstrated intentional inter-core signal switching among three cores of the MCF and the LPGs have realized the goal of spatial channel allocation. Three different amplitude-frequency responses in both configurations validated the reconfigurability of the proposed two-tap FIR-MPF. Further, we would like to obtain reconfigurable multi-tap filters by using more cores of MCFs and improving the reliability of the tuning mechanisms. The inherent parallelism of MCFs has brought about advantages in terms of compactness, large bandwidth, power efficiency, etc. We believe this approach offers a promising solution for reconfigurable RF signal processing in MWP systems and networks in potential with low cost and high efficiency.
